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" A METHOD FOR CALCUTATING FLOW FIELDS OF COWLINGS
WITH KNOWN SURFACE-PRESSURE DISTRIBUTICNS

By Robert W. Boswinkle, Jr. -

SUMMARY

The present paper describes a way in which the date of three
Previous reports may be utilized to compute the incompressible flow
fields for cowling-spinner combinations and open~-nose inlets for use
in the design of propeller shenks end cuffs. The paper also shows in
general how the flow field of an unyawed body of revolution may be found
if its pressure distribution is known, and presents the fleld of a ring
vortex, which is useéd in these calculations, 1n a more convenlent form
thaen in the paper from which 1t was obtalned.

The method conslists of regarding the cowling surface as replaced by
a ring vortex sheet whose strength at any point 1s equal to the local
tangential wveloclty. The fleld of the ring vortex sheet is integrated
to glve the Induced velcocitles of the body.

The accuracy of the method 1s verified by & comparlison with experl-
mental resulis. The method 1s rigorous only for axially symmetric bodles
at zero angle of attack, but an approximate method yields results that
agree with experimenta.l ‘values at radlil greater than the maxinnm cowling
radius at 10° angle of attack.

The application of the Prandtl-Glauert rule for calculating the
compressible flow fleld in reglons where the deviations of the pressures
from the free-stream conditions are small is glven in detall.

INTRODUCTION

In the design of propellers having alrfoil-type shanks, an accurate
Inowledge of the veloclities and directions of the air flow in the region
of the splnners 1s necessary if the possible gelns from such designs are
actually to be realized. Part of the induced flow 1s contributed by the
propeller itself; thlg part wlll not be treated in the present study.
The remainder, whlch in any case is the mein part for the very important
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high-speed-flight condition 1s contributed by the body; it accordingly
becomes importent to be gble to calculate the Tlow about a cowling
configuration in the neighborhood of the spimmer.

A number of studles exlst whlch describe satisfactory methods for
computing the flow about simple closed bodles of revolution at zero
incidence (references 1 to 5). Corresponding calculations for an open-
nose body (which are desirable for a rotating cowling, the type of
cowling in which the forward part rotates with the propeller) are much
more difficult, and the procedure suggested in reference 6, im which a
distribution of source and vortex rings must first be sought that will
adequately represent the cowling, seems very unattractive with regard
to computational tedium. For the more important and very much more
difficult case of the cowling-spinner comblnations, In which two
separate bodles, the cowling and the spimner, contribute to the fleld,
no golution has yet been offered. The flow about open-nose inlets
end cowllng-spinner combinations at zero incidence, however, may be
calculated without excessive effort—1f, in addition to the specifiled
body shapes, the velocltles along the body surfaces are alsc given.

Surface veloclities may be cbtalned for a range of cowling-splnner
combinations and open-nose 1nlets at a large number of-inlet-veloclty
ratios from two recent publications (references 7 and 8). The present
paper describes a way in which these data and the data of reference 9,
which gives in detall the flow field of a ring vorbtex, can be used
to compute the desired cowling flow fields. In addition, the paper
shows generally how the flow fleld about an unyawed body of revolution
can be found 1f 1ts pressure dlstribuiion Ils known and presents the
data of reference 9 1n a somewhat—more convenient form.

SYMBOLS
D maximm cowling diameter
M Mach number 1n undisturbed stream
P statlic pressure
Po statlc pressure in undisturbed stream
D - Po
P gtatlic pressure coefficlent o
s dynamic pressure in undlsturbed stream

r radial ordinate of point. in Tield, measured from axis of symmetry
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r! radius of ring vortex
| distance along cowling meridian

distance along spinner meridian

u axial induced velocity ccmponent

u* axial induced veloclty component for a ring vortex of radius '
and strength 2nxr!

v radial indunced velocity component

* radlal induced velocity component for a ring vortex of radius =r'
and strength 2nr'

' x . axlal distence from ring vortex to polnt in fileld
Vi/ Vo inlet-veloclty ratio, ratlo of average velocity of flow in inlet

to velocity in undisturbed stream

VZ/VO flow-speed ratic, ratio of locel flow speed at point In field to
velocity in undisturbed stream

vs/-v gurface veloclty ratio, ratio of veloclty of flow Just outside the
o ’ boundery layer at point on cowllng or spimmer surface to velocity
in undisturbed stream i ,

a angle of attack of axis of symmetry, degrees
strength of ring vortex

¢ flow divergence angle, referred to axls of symmetry (positive
outward), degrees

THEORY

. The lrrotational motion of an Incompressible fluld may be

regarded as due to & vortex sheet on the boundery (reference 10). In
particular, for an axially symmetric body in a uniform flow parallel %o
its axls, the vortex sheet is simply a dlstribution of ring vortices along
the surface having thelr axes colnciliding with the bedy exls. Since for
such a representation it can be shown that zero flow must exist at all
points within the body itself (reference 11), it follows that the local
surface veloclty at eny point on the body ls squal to the local linear
density of vorticlty in the distribution of ring vortlces.
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Accordingly, once the surface velocily distribution has been deter-
mined for an axlally symmetrlc body in a uniform flow parallel to its
exls, the corresponding surface dlstribution of ring vortlces is given
immediately, and the determination of the perturbation flow veloclty at
any point in the neighborhood of the body reduces to an integration_
of the velocitles due to ring vortices.

For a ring vortex the axlael and radldl induced velocliy components u
and v, respectively, are glven by

U = ey u

V=————7 v*

2nr!t

where 7 1s the strength of the ring vortex and u¥* and v* are the
induced veloclity components for a ring vortex of any radius r' and
corresponding strength 2nr' (or of unit radius and strength 2x).
Charts of u* and v* as functions of x/r' and r/r' (replotted
from reference .9) are shown in figures 1 and 2. Quantitative values
of u* and v¥ may be obtained from figures 3 and 4 which were
congtructed from tables In_reference 9. As may be seen by examination
of figure 1, for a ring vortex rotating as indicated, the signs of u*
indicated in figure 3 are the same for positive values of x/r' as for
negative ones. TFrom figure 2 it mey be seen that, for a ring vortex
rotating as indicated, the signs of ¥* 1in figure 4 are correct as
shown for points in the first and fourth quadrants with respect to the
ring vortex, conaldering the origin to be on the vortex axis, and are
of opposite sign in the second end third quadrants. For a ring vortex
whose sense of rotation ls opposite- to that Indicated, of course, the
signs are reversed for both u* and v¥.

CALCULATION PROCEDURE

Incompressible flow.- The local flow-speed ratio VZ ° and the

flow angle ¢ et any polnt Q in the fileld of a cowling-spinner
combination at zero incidence are glven by
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The quantities ds and ds' are increments of arc lengths along the
cowling end spinner meridlans, respectively. The limit 84 refers to

the point on the lmner surface of the cowling farthest downstream
from Q, s, %o the polnt on the outer surface of the cowling farthest

downstresm from Q, s1' to the polnt at the tip of the spimmer,
and 82' to the point on the surface of the spinner farthest downstream

from Q. The Integration may be performed graphically, by plotting
Vg Vs '

T u* -.v—. v*
-2%1'-,— i—,— ageinst s and s' and measuring the areas under

the curves, or it may be performed numerically. Numerical methods of
integration generally are considersbly more rapid if many points of
the flow fleld are to be calculated. For elther system of integration
the surface velocity ratlos Vg/V, must be evaluated at a number of

points R on the cowling and spinner surfaces and u¥* and v¥ must
be evaluated at Q for the sams points R. Uswally a total of gbout
30 points 1s adscuate; however, the actual number and locatlon of. the
points R depend upon the location of @ s&nd upon the shape of the
surface velocity distribution. An example of a cowling-spinner
combination with typlcal locations for the points R 1s shown in
figure 5.
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For_an NACA l-series cowling-spinner combination the values of VS/VB

for points R on the cowling nose, on the outer surface of the cowling,
and on the surface of the spinner may be calculated from reference 7,
where the corresponding pressure distributions are given, by the relation

For pointe R on the inner surface of the cowling and on the rearward
extension of the spinner wlthin the cowling, the surface veloclties may
be estimated on the basls of one-dimensiocnal flow from the known annulus
arse and the glven inlet-veloclty ratio.

Valueg of u¥* aend v*¥ at Q for the variocus points R may be
read from figures 3 and 4. As the distance between Q and R increases, .
the values of u¥* and v* rapldly approach zero; therefors, high
accuracy in the velues of Vs/Vb beyond ebout 1 cowling dismeter from Q

is quite unnecessary and, in any case, the effect of polnts R beyond
about 3 cowling dlameters from Q may be neglected.

If the point Q 18 very close to the surface, the values of— u¥*
and v¥ corresponding to the nesrest ring vortices becoms very large,
and rather careful work 1s requlred to malntaln adegquate accuracy of
the final result. Normally, however, thils problem does not arise; the
flow at the surface 1tself is presumably already known, and linear
inbterpolation between the surface and the nearest point for which accurate
results can readlly be calculated should be adequate.

Compregsible flow.- For a cowling-epinmner combination with an inlet-
velocity ratio of approximately unlty, the compressible flow at a
polnt Q, in a region where the deviations- of the pressures from the free-
stream conditione are small, may be estimated by the Prandtl-Glauert
rule (one development of which 1s glven in reference 12) as follows:

(1) The coordinates of the cowling and spinner are stretched

in the streem direction by the factor V1 - Ma.

(2) The incremental velocitles u'/Vo and v'/Vo in the

stream and radial directions, respectively, are obtained for lncompres—
sible flow for the stretched body by the method outlined In the
rrecedlng section.

(3) The incremental velocities of the unstretched body in
compresslble flow are calculated from the corresponding incremental
velocities obtained in step (2) by the equations
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and

v'/V‘o

v
R 01-1\@

=

(4) Te flow-speed ratio and flow angle asre given by the same
equations as those used in the preceding section.

At the present time no method exists whereby the compressible flow
sbout a three-dimsnsilonal body mey be obtalned from the incompressible
flow in a region where the deviatlon of the pressures from the free-
stream pressure is large, nor are there avallsble any experimental data
on compressible-flow flelds for three-dimensional bodies. ’

COMPARISON OF THEORETTICAL AND EXPERIMENTAL RESULTS

The £low flelda of several NACA l-serles cowling confilgurations in
essentially incompressible flow (M = 0.13) were determined experimentally
in reference 13 by the use of bisecting centerplates alined with the flow.
(The NACA l-series ordinates and an explenation of the designation system
are given in reference 1h.) The flow-speed ratios v, /‘To in the vertical

plane of éymmetry were obtalned from pressurc orifices instsllsd on one
side of the plate, and the flow angles @ were obtalned from tufts
installed on the other side of thse plate. . '

The method of the present paper was used to calculate values
of VI/VO and $ in typical propeller-shank locations of three of - these

NACA l-series cowling-spinner combinatlons and one NACA l-serles open-
nose inlét, and these calculated results are campared in figure 6 with
the results obtained experimentally in reference 13. The agreement of
the calculated values of VZ /Vo with the experimental values 1s within

0.02V, &t all points in the flelds where the comparisons were made.

The agreemsent of the theoreticel and experimsntal flow engles 1s also
good at distances greater than about 25 percent of the mexlimum cowling
dlsmeter from the cowling nosej but nearer the cowling nose, where 1t
was mors difficult to get accurate msasurements of the high flow angles
with the tufts, the agreement 1s not as close. However, a positive
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check of the method is not essenfia.l for this particular application
because, as pointed out In reference 13, propeller deslgn 1s relatively
insensitive to mbderate variations in radial flow angles.

The method of the present paper 1s theoreticelly exact only for
exlally symmetric bodles at zero angle of attack. To obtalin an spprox-
imation to the flow charascteristics for an exlally symmetric body at an
angle of attack, however, the flows 1n the flelds of the same NACA l-series
cowling configuration mentioned ebove were calculated for 10° angle of
attack using the velocity dlstribution on the top of a cowlling to obtaln
the perturbation velocitles for the top, and using the velocity dlstribution
on the bottom of the cowling to obtaln the perturbetion velocltles for
the bottom. Actually, this procedure neglects the effects of the
clrcumferential varlations of surface pressures on the flow characteristics.

The comparisons of the flow characteristics calculated by this
approximate method with the results cbitained experimentelly are shown in
Pigure 7. The agreement of the calculated and experimental results at
redil greater than the maximum cowling radius 1s satisfactory. At
distances nearer the axis of symmetry, the calculated flow-speed ratios
generally are somewhat less than the experimental values on top of the
axis of symmetry and are somewhat-hlgher than the experimental values
below the axls of symmetry; the differences between the calculated flow
angles and the measured flow angles vary erraticelly near the nose.

The dlameters of the cowlings and spinners were not lncreased by the
displacement thicknesses of the boundaery layers in’ these calculations;
perhaps this reflnement would have ylelded closer agreement. In the case
of the cowllng at an angle of attack, it 1s reasoneble to believe that as
the angle approaches zero the calculated results will compare more
favorebly with the experimental values.

Langley Aeronauticel Laboratory
Natlionel Advisory Commlttee for Aeronautics

Langley Fleld, Va.
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Figure & - Typical locations on cowling and spinner meridians for
chosen points R.
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r/D r/D
0.8—© 0.8 —©
06—'—9 .6-—9

v?,/vo g, deg v?,/vo g, deg
r/D r/D
Calc. | BExp. |Calc. | Exp. Calc. | Bxp. | Calc. | Exp.
0.8 | 0.99 | 0.98 5 3 0.8 |0.99 |0.99 5 0
.6 .97 .96 8 5 b 97 956 8 9
L] .88 86| 15 27 L | .88 .88 15 25
S| .79 80| 14 23 3| .82 9] 15 33
(&) NACA 1-70-100 cowling with (b) NACA 1-55-100 cowling with
NACA 1-40-0L0 spinner; 0.1D NACA 1-4,0-040 spinner; 0.1D
upstream from inlet; upstream from inlet;
V1= 0.63. V1= 0.53. NACA
Vo Vo

Flgure 6.~ Comparison of flow characteristics calculated
by theoretical method with values obtalned experimentally;
a = 0°, (Circles indicate points at which caleculated.and
experimental results are compared.)
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Y- =/
0.8_0 008—0
.6——@ ’ 06——0
s—o 7 h—o 77/ LA
3 —0 JS3—°
20
} D B - D
= \'f /V gs deg v ,@', de
| e 1/ Vo _ */D /Yo . g
Galc,..| Bxp. | Cale.| Bxp. : Calc. | Exp. [Calec. | Exp,.
0.8 {0.99 | 0.99 6 7 0.8 | 0.99 | 0.99 5 3
6] 95 1 95| 10 16 61 96 | 96| 1 9
bl .83 .83 | 19 b5 | &l .85 | .87 1 1 22
3] Tk 75| 17 53 S | 17 25
2 67 69 10 i5
{c) NACA 1-70-050 eowling with (d) NACA 1-55-100 cowling with
NACA 1-,0-0l;0 spinner; 0.1D no spinner; 8.1D upstream
upstream from inlet; from inlet; v; = 0.52.
v = 0.51. ° WA

Figure 6.- Continued.
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(e} NACA 1-55-100 cowling with no
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from inlet; %l =

spinner;
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Figure 6."
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r/D /D
. 0.8—0 0.8 —o
b_o 6 __o
b0 ::C:ZZZZZZ:Z:ZZ:Z: Jb—o
.3 —0 05 —O
D D
3 —o0 3 —o
h—e LT 7 77 e
06 —_— .6 —0
8—0 8 —o0
- Calec. kp * Galc. EXP - Calc., kp . Galc . Exp ™
top : Eop
0.8 1.01 | 1.0} 14 11 0.8 1,02 |1.02] 15 10
.6 .«99 ] 1,01} 18 i «6 1.01 |[1.01} 18 17
A 95 95| 23 20 ol 92 98| 24 a3
.3 .88 95 | 23 11 .3 N 91| 22 22
bottom bottom
3 .98 92 -8 -2 3 .96 781 -5 6
ol[. .9 6 . 86 -7 -3 .u. . 86 . 82 -3 lO
06 -9J-|. -92 —6 -5 06 l9,+ .91 -I_;
.8 97 951 -7 -3 .8 97 95 | -7

(a) NACA 1-70-100 cowling with
NACA 1-}40-0L0 spinner; 0.1D
upstream from inletd;

Vi
Vo

= 0.99.

(b) NACA 1-55-100 cowling with

NACA 1-40-040 spinner; 0.1D
upstream from inlet;

Vi
Yo

= 0.93.

Filgure 7.~ GComparison of flow characteristics caleulated by

gpproximate method with values obtalned experimentally;

a = 10°. (Circles indicate polnts at which caleulated

" and experlimental results are compared.)
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r/D r/D
0.8 —o0 0.8 —©0
06—0 ;6_0
2 —o Q:/:ZT h—o WT
.3 —0 "-'5 -—0
20
: - § D 1 _ | o
02_'0
13 —0 .5 —0
b —o L7 b ‘—9%
.6—0 : -6—0
08_—0 18_—0
r/D Vi/Vo g, deg v/D vi/Vo g, deg
Calc.] Exp. |Calc.| Exp. Calc.| Bxp. | Cale.| Exp.

& | %

O. 1.01 | 1.02 ] 15 7 0. 0.99 | 1.00! 14 11
N 1.0 | 1.02 | 19 10 o6 97 991 17 16
ot «90 S | 25 22 A .87 95| 23 22
.3 .88 95 | 22 6 3 77 88 | 17 19

bottom
3 95 | 84| 8 0 2 79 | 90| 35 17
bottom
‘LI' '87 '80 8 6 12 -92 086 -12 -18
6 L .88 5 2 .3 A | .7 |-11 -1
8 | o1 | 95] 6 -4 & .83 | 80| -5
(c) NAGA 1-70-050 cowli ith . . . -
NACA I-uo-okgospiﬁga:: 0.1D 6 92 90 6
upstream from inlet; 8 <96 95 -7 -2
% = 1.00. (d) NACA 1-55-100 cowling with

no spinner; 0.1D upstream
from ilnlet; .‘.;.1. = 1.02.

°

Figure T.- Continued.
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- — - tD ;
H—0
-8___0
/D Vi/Vo g, deg
Calc. | Bxp. |{Calc.| Exp.
to
o_.}é 1.02 | 1.05 5 8
6 104 [1.09) 8 -9
bottom '
.6 |1.03 99 | 8 7
8 J1.01 .98 5 1

(e) NACA 1-55-100 cowling with no

spinner;

04D

inlet; “j’,;. = 1.02.
(o}

Flgure T.-
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